Pharmacologic expansion of endogenous b cells is a promising therapeutic strategy for diabetes. To elucidate the molecular pathways that control b-cell growth we screened ;2400 bioactive compounds for rat b-cell replication-modulating activity. Numerous hit compounds impaired or promoted rat b-cell replication, including CC-401, an advanced clinical candidate previously characterized as a c-Jun N-terminal kinase inhibitor. Surprisingly, CC-401 induced rodent (in vitro and in vivo) and human (in vitro) b-cell replication via dual-specificity tyrosine phosphorylation-regulated kinase (DYRK) 1A and 1B inhibition. In contrast to rat b cells, which were broadly growth responsive to compound treatment, human b-cell replication was only consistently induced by DYRK1A/B inhibitors. This effect was enhanced by simultaneous glycogen synthase kinase-3b (GSK-3b) or activin A receptor type II-like kinase/transforming growth factor-b (ALK5/TGF-b) inhibition. Prior work emphasized DYRK1A/B inhibition-dependent activation of nuclear factor of activated T cells (NFAT) as the primary mechanism of human b-cell-replication induction. However, inhibition of NFAT activity had limited effect on CC-401-induced b-cell replication. Consequently, we investigated additional effects of CC-401-dependent DYRK1A/B inhibition. Indeed, CC-401 inhibited DYRK1A-dependent phosphorylation/stabilization of the b-cell-replication inhibitor p27 Kip1 . Additionally, CC-401 increased expression of numerous replication-promoting genes normally suppressed by the dimerization partner, RB-like, E2F and multivulval class B (DREAM) complex, which depends upon DYRK1A/B activity for integrity, including MYBL2 and FOXM1. In summary, we present a compendium of compounds as a valuable resource for manipulating the signaling pathways that control b-cell replication and leverage a DYRK1A/B inhibitor (CC-401) to expand our understanding of the molecular pathways that control b-cell growth. DREAM, dimerization partner, RB-like, E2F and multivulval class B; DYRK, dualspecificity tyrosine phosphorylation-regulated kinase; DYRK1A/B, dual-specificity tyrosine phosphorylation-regulated kinases 1A/B; EC 50 , half maximal effective concentration; GFP, green fluorescent protein; GSK-3b, glycogen synthase kinase-3b; IP, intraperitoneal; JAK3, Janus kinase 3; JNK, c-Jun N-terminal kinase; MMB, MYBL2, FOXM1, and the MuvB core; NFAT, nuclear factor of activated T cells; PCNA, proliferating cell nuclear antigen; PDX1, pancreatic and duodenal homeobox 1; qPCR, quantitative polymerase chain reaction; RRID, Research Resource Identifier; S10, serine 10; TGF-b, transforming growth factor-b; VEGF, vascular endothelial growth factor.
D
iabetes is a disorder of glucose homeostasis that negatively affects the health of nearly 1 in 12 individuals worldwide. Loss of insulin-producing b cells is a fundamental feature of diabetes, and compensatory b-cell mass expansion may be an important mechanism for avoiding hyperglycemia (1) (2) (3) . The causal and protective associations of genetic variants in growthassociated loci with type 2 diabetes (e.g., CDKN2A/B and CCND2) support this supposition (4, 5) . Interestingly, the cellular origin of new b cells in adult animals remains somewhat controversial, with potential sources including partially defined facultative progenitor cell populations, cells with the capacity to transdifferentiate (a cells), and, most convincingly, previously existing b cells (6) (7) (8) (9) . Presently, a variety of strategies for replacing (transplantation based) or expanding (regeneration based) an individual's b-cell mass are being pursued. Among these, expansion of endogenous insulin-producing pancreatic islet b cells remains paramount.
A major challenge to expanding b-cell mass is the limited replication capacity of mature b cells. Consequently, developing a precise understanding of the molecular pathways that restrain b-cell growth and identifying drugs capable of surmounting these restraints are critical efforts. Recently, several small molecules [namely, harmine, 5-iodotubercidin (5-IT) and aminopyrazines] were shown to stimulate human b-cell replication, in part by inhibiting the dual-specificity tyrosine phosphorylation-regulated kinases 1A/B (DYRK1A/B) and activating nuclear factor of activated T cells (NFAT) signaling (10) (11) (12) (13) (14) . However, the contribution of other signaling pathways to DYRK1A/B inhibition-dependent induction of b-cell replication has not been thoroughly investigated. Additionally, the potential benefit of simultaneously inhibiting multiple replication-associated pathways to maximize human b-cell-replication induction has not been explored.
To expand our understanding of the molecular pathways that restrain b-cell growth, potentially contributing to diabetes susceptibility, and identify compounds that stimulate b-cell replication, we developed a high-content screening platform (14) (15) (16) . Herein, we report the successful use of this platform to screen ;2400 bioactive compounds and identify novel replication-modulating compounds. Importantly, negative regulators of b-cell replication include commonly prescribed medications that could be linked to diabetes risk. We found compound combinations that synergistically promote b-cell replication, highlighting the potential benefit of tailored ligand targeting for improved human b-cell-replication induction. Additionally, we characterized CC-401 as a DYRK1A/B inhibitor that promotes b-cell replication in vitro and in vivo, and developed a CC-401 derivative (STF-200785) with improved replication-promoting activity. Finally, we highlight additional b-cell replication pathways, including p27
Kip1 phosphorylation/stabilization and dimerization partner, RB-like, E2F and multivulval class B (DREAM) complex-dependent gene repression, controlled by CC-401-dependent DYRK1A/B inhibition.
These studies provide important insights for understanding and manipulating b-cell replication.
Materials and Methods

b-cell replication in vitro
All animal work was approved and carried out in accordance with our institutional animal care and use committee. Islets were isolated from male Sprague Dawley rats [250-to 300-g animals; Research Resource Identifier (RRID): RGD_1566457] as previously described (17) . Screened compounds were derived from a variety of collections, including the following: LOPAC (SigmaAldrich, St. Louis, MO), Spectrum Microsource Collection (Discovery Systems, Gaylordsville, CT), National Institutes of Health Clinical Collection, and KINASet (ChemBridge, San Diego, CA). Replication was assessed via automated image acquisition and analysis using a Cellomics ArrayScanVTI. The acquisition thresholds and parameters were established such that the computer-based calls of replication events were consistent with human-based calls. The number of b cells per well was determined using the Cellomics ArrayScan VTI to image the entire well and count the number of DAPI 1 PDX1 12 or DAPI + insulin + cells (n = 4 to 8 per condition). Human islets (from 10 donors) of high purity (90% to 95%) and viability (.87%) from nondiabetic donors (aged 25 to 62 years; median age, 50 years) were obtained through the National Disease Research Interchange and Integrated Islet Distribution Program. Donors were of mixed race (n = 5 white, n = 1 Hispanic, and n = 4 black) and sex (n = 5 male, n = 5 female); donors were generally obese (average body mass index 6 standard deviation, 30.1 6 5 kg/m 2 ).
b-cell replication in vivo
For in vivo b-cell replication assessment, 8-week-old female C57BL/6J (JAX 0664; RRID: IMSR) mice received twice-daily intraperitoneal (IP) injections with vehicle or CC-401 [25 mg/kg (10 mL/g)] for 7 days. This dose of CC-401 did not have an observable effect on animal behavior or acutely affect blood glucose levels; however, higher CC-401 doses led to weight loss. After the first IP dose, animals were provided bromodeoxyuridine (BrdU)-containing water (0.8 mg/mL) in opaque bottles that were changed every 2 days. Mice were killed and the pancreata were harvested on day 8. Paraffin sections were prepared and immunofluorescently stained with insulin, BrdU, and 4 0 ,6-diamidino-2-phenylindole (DAPI). Manual imaging of pancreatic sections and quantitation of the percentage of b cells that coexpressed BrdU were performed by investigators blinded to the treatment cohort. A minimum of 2000 b cells from nonconsecutive sections (.50 mm apart) were used to determine the b-cell replication rate for each animal. The treatment group comprised five animals. Exocrine cell replication was approximated by counting all nuclei outside the islet structure but within the pancreatic parenchyma.
Kinase assays
Recombinant DYRK1B (2.5 ng per reaction; catalog no. D09-10BG-10; SignalChem, Richmond, BC, Canada) phosphorylation of DyrkTide (40 mM;, RRRFRPASPLRGPPK; catalog no. D96-58; SignalChem) was measured in a reaction buffer containing 10 mM MgCl 2 , 20 mM Tris pH 7.5, and 10 mM adenosine triphosphate. Drug candidates (CC-401 and STF-785) were assayed at fourfold dilutions starting at 20 mM; final 2% dimethyl sulfoxide (DMSO). Reactions were terminated after 90 minutes at 30°C and kinase activity was measured using ADP-Glo Kinase Assay (V6930; Promega, Madison, WI). An analogous experiment was conducted with p27 (25 ng per reaction; catalog no. 56279; Abcam) as the reaction substrate instead of DyrkTide, with other reaction components unchanged. Reactions were conducted in the presence and absence of 1 mM CC-401 or 1% DMSO. Control reactions lacking DYRK1A (2.5 ng per reaction, SignalChem D09-10G-10) or adenosine triphosphate were also conducted. After 60 minutes at 30°C, reactions were quenched and run on sodium dodecyl sulfate-polyacrylamide gel electrophoresis under reducing conditions. Total p27 and phospho-p27 were quantified by western blot. Kinome screening and kinase inhibition assays were performed by DiscoveRx (San Diego, CA) (18) .
Antibodies and compounds
The following antibodies were used for immunostaining: pancreatic and duodenal homeobox 1 (PDX1) (1:300; catalog no. AF2419; RRID: AB_355257; R&D Systems, Minneapolis, MN); Ki67 (1:300; catalog no. 556003; RRID: AB_396287; BD Bioscience, San Jose, CA); insulin (1:300; catalog no. A0564; RRID: AB_10013624; Dako, Santa Clara, CA); glucagon (1:500; catalog no. A0565; RRID: AB_10013726; Dako); somatostatin (1:300; catalog no. A0566; RRID: AB_2688022; Dako); vimentin (1:200; catalog no. ab24525; RRID: AB_778824; Abcam, Cambridge, MA); proliferating cell nuclear antigen (PCNA) (1:50; catalog no. sc-7907; RRID: AB_2160375; Santa Cruz Biotechnology, Dallas, TX); BrdU (1:50; M074401; RRID: AB_2721915; Dako); phosphor-RB Ser608 (1:50; catalog no. 2181; RRID: AB_331517; Cell Signaling Technology, Danvers, MA); p27 (1 mg/mL; catalog no. ab7961; RRID: AB_2244722; Abcam), phospho-p27 (1 mg/mL; catalog no. ab62364; RRID: AB_944575; Abcam); b-actin (1:15,000; catalog no. A5316; RRID: AB_476743; Sigma-Aldrich); and histone H3 (1:1000; catalog no. ab1791; RRID: AB_302613; Abcam). Antigen retrieval was performed for staining of pancreatic sections by heating slides to 90°C for 10 minutes in 10 mM sodium citrate (pH 6.0) solution. All compounds used are available from multiple commercial vendors except the CC-401 derivatives, which were synthesized according to published techniques as outlined in Supplemental Material.
Determination of the rat b-cell transcriptome and quantitative polymerase chain reaction Rat islets were isolated as described previously in Materials and Methods from 16 rats, rested overnight, trypsinized, and plated into four 35-mm wells. The next day, islet cultures were infected with the HIP-LA lentivirus, which expresses green fluorescent protein (GFP) in insulin + cells; lentivirus was packaged as described previously (19) . The next day (48 hours postplating), the medium was changed. At 72 hours postplating, duplicate cultures were treated with vehicle or CC-401. At 120 hours postplating, cultures were harvested, and GFP + cells were fluorescence-activated cell sorted for plating or for RNA isolation (;550,000 cells per condition; RNAqueous-Micro; catalog no. AM1931; Ambion).
Expression library construction was performed with the Encore Complete RNA-Seq DR Multiplex System 1-8 (part no. 0333; NuGen) with an input of 100 ng RNA. Sequencing was performed using Illumina HiSeq 2000 with paired 100 base-pair reads (50 million to 75 million paired-end reads per sample). Analysis was carried out using TopHat (RRID: SCR_013035) and HTseq/DEseq2 (RRID: SCR_005514/RRID:SCR_015687) to assess levels of gene expression and differential expression between treated and untreated b cells. Gene ontology and transcription factor network analysis were performed using Bioconductor goseq (https://bioconductor.org/packages/release/bioc/html/goseq.html) and MetaCore (RRID: SCR_008125; Thomson Reuters, Toronto, ON, Canada) (20) .
For quantitative polymerase chain reaction (qPCR) experiments, total RNA was isolated using Zymo Research (Irvine, CA) Quick-RNA MicroPrep kit, with DNAse digestion. RNA was obtained from growth-arrested R7T1 cells (maintained for 7 days in doxycycline-free low glucose Dulbecco's modified Eagle medium with 10% serum, glutamine, and penicillin/ streptomycin; RRID: AB_302613) and primary human islets after 48-hour treatment with DMSO or CC-401 in the aforementioned medium (21) . Isolated RNA was reverse transcribed by qScript cDNA Synthesis Kit (Quantabio, Beverly, MA). Realtime qPCR was performed with Power SYBR master mix (Applied Biosystems, Foster City, CA) on the QuantStudio 6 Flex Real-Time PCR System with fast 96-well block (Applied Biosystems). Relative quantification of gene expression was analyzed by the comparative threshold cycle method with GAPDH gene as the endogenous reference (22) . The primers used in qPCR are listed in Supplemental Material.
Expression constructs and luciferase assay
Constructs encoding human NFATc1 (NM_001278669) and human DYRK1A (NM_001396) were generated and sequence confirmed. The interleukin 2-based pGL3-NFAT luciferase reporter construct was obtained from Addgene (catalog no. 17870; Cambridge, MA). Luciferase assays were performed by transfecting (0.625 mg polyethylenimine/1 mg of DNA) 10-cm tissue culture plates of 90% confluent HEK 293T (RRID: CVCL_0063) cells with DYRK1A (7.5 mg), Renilla plasmid (10.5 mg; Promega), PGL3-NFAT luciferase (4.5 mg), and NFATc1 (1.5 mg). The next day, cells were trypsinized and transferred to 96-well plates (50 mL/well, 1/300th of total cell volume). After 6 hours, wells were treated with vehicle or compound as indicated (n = 4 per treatment condition) for 24 hours before being lysed (catalog no. E1500; Promega) for luciferase measurement (Modulus Microplate; Turner Biosystems/Promega).
Statistical analysis
Statistically significant differences between treatment conditions were determined using the Student two-tailed t test; P # 0.5 was taken to be significant. Experimental results were confirmed in independent experimentation in all cases except for the primary b-cell replication screening and RNA sequencing experiments. Data are reported with standard deviations.
Results
Chemical screening identified b-cell replication-modulating compounds
We screened ;2400 small molecules for the ability to modulate b-cell replication activity [ Fig. 1(a) ; Supplemental Table 1 ]. Compound screening was conducted at 10 mM (n = 1 to 3) using dispersed primary rat islets (14) . b cells were identified by PDX1 expression, also expressed by less prevalent d cells, and replication events by Ki67 expression (23) . Hit compounds were defined by a twofold increase in b-cell replication compared with vehicle-treated (DMSO) wells. Using these criteria, we identified 254 replicationinducing compounds (10.3%). Subsequently, 157 of these compounds were retested and 62 were confirmed by a twofold induction of b-cell replication at any concentration or .1.4-fold induction at more than one concentration [ Fig. 1 (a); Supplemental Table 2 ].
The purported activities of confirmed replicationinducing compounds clustered into several functional categories. Among the hit compounds were established b-cell replication-promoting compound classes including the adenosine kinase inhibitors 5-iodotubercidin and ABT-702, the insulin-secretion modulator glibenclamide, the phosphodiesterase inhibitor dipyridamole, and the glycogen synthase kinase-3b (GSK-3b) inhibitor CHIR99021 (14, 15, 24, 25) . Reidentification of established b-cell replication-promoting compounds confirmed prior findings and demonstrated high-quality screen performance. In addition, numerous b-cell replication stimulators were identified [ Fig. 1 (b); Supplemental Table 2 ]. Notably, the replication-promoting activity of hit compounds was frequently not shared by similarly acting molecules. For example, two chemical vascular endothelial growth factor (VEGF) receptor antagonists [tivozanib, 5.1-fold replication (5 mM); and XL880, 1.6-fold replication (10 mM); Supplemental Table 2 ] promoted b-cell replication, whereas recombinant soluble VEGF receptor, a highly specific VEGF inhibitor, was inactive [Supplemental Fig. 1(a) ]. Similarly, the replicationpromoting activity of Janus kinase 3 (JAK3) inhibitor VI (Supplemental Tables 1 and 2) was not shared by the JAK3 inhibitors tofacitnib and ruxolitinib [Supplemental Fig. 1(a) ]. This discordance indicated that offtarget effects were the likely basis of compound activity.
We selected compounds for follow-up studies primarily based on robustness of activity, greater than twofold induction of rat b-cell replication, and confirmation with distinct cell-identity and replication markers [ Fig. 1 (b) and 1(c)]. Prioritized hits included previously identified compounds namely, ABT-702 and dipyridamole) and newly recognized compounds (namely, CC-401, Jak3 inhibitor VI, CNS-1102, BML-266, and tivozanib).
In addition to uncovering compounds that promoted b-cell replication, we identified 153 compounds (2.15%) that reduced b-cell replication by $50% (Supplemental Table 1 ). Several of these compounds have shared annotated activities: seven calcium channel blockers, two adenosine receptor antagonists, 11 adrenergic agonists, 10 cyclooxygenase/prostaglandin modulators, 27 modulators of neurotransmission (e.g., dopamine, acetylcholine, serotonin, and histamine), eight histone deacetylase inhibitors, and two melatonin signaling modulators. Although these molecules highlight pathways potentially relevant to b-cell dysfunction and diabetes predisposition, subsequent work herein focused on b-cell replication-inducing compounds.
Compound combinations cooperatively promoted rat b-cell replication
Given the limited replication capacity of b cells, we tested whether combinations of hit compounds could be used to cooperatively enhance b-cell replication. Indeed, on rat islet cultures, CC-401 and Jak3 inhibitor VI positively interacted with most other replication-inducing compounds 
CC-401 stimulated mouse b-cell replication in vivo
Having demonstrated CC-401 promoted both rat and human b-cell replication in vitro, we assessed whether CC-401 also stimulated mouse b-cell replication in vivo. To develop a dosing strategy, we measured the half-life of CC-401 delivered by IP injection. At a dose of 25 mg/kg, CC-401 achieved a maximum plasma concentration of ;5 mM with a half-life of ;53 minutes [Supplemental Fig. 2(a) ]. Based on the in vitro proliferation data, CC-401 had a half maximal effective concentration (EC 50 Fig. 2(b) ]. At the examined dose, plasma levels of CC-401 remained above the minimum effective concentration for ;2 hours. Although 25 mg/kg achieved limited drug exposure, increased dosing led to weight loss. Consequently, the effect of 25 mg/kg/d IP for 7 days on pancreatic-cell replication (BrdU incorporation) was evaluated. CC-401 increased b-cell replication in treated rats compared with vehicle-treated animals [8.1% 63% vs 4.3% 60.5%; P = 0.02; Fig. 2 To explore CC-401's mechanism of action and minimize potential influences of other cell types, we assessed the replication response of purified b cells (;95% purity) to CC-401 treatment [ Fig. 3(a); Supplemental Fig. 3 ]. b cells were purified by fluorescence-activated cell sorting using a lentivirus-based insulin-GFP reporter system (19) . CC-401 treatment increased purified rat b-cell replication (P , 0.01) from 0.2% 6 0.2% to 2.6% 6 0.3%, indicating CC-401 likely acted directly on b cells. Because CC-401 was developed as a JNK inhibitor, we hypothesized that CC-401 promoted b-cell replication via JNK inhibition. However, no other tested JNK inhibitor recapitulated the robust replication-promoting activity of CC-401 [ Fig. 3(b) ], indicating an alternative kinase was likely to be the relevant target.
To explore potential kinase targets, we performed kinome screening with 10 mM CC-401 using 453 human kinases (DiscoveRx, San Diego, CA; Fig. 3(c) ; Supplemental Table 3 ). CC-401 displayed only modest in vitro selectivity at high concentration (10 mM) (18) . Among the most inhibited kinases were the DYRK1A and DYRK1B previously implicated in harmine-induced b-cell replication (10) . Notably, Jak3 inhibitor VI, the only other human b-cell replication-inducing compound we identified, is also a high-affinity DYRK1A-binding molecule [Supplemental Fig. 4(a) ]. Hence, DYRK1A/B inhibition was the most likely mechanism of CC-401-dependent b-cell-replication induction.
Harmine is a b-cell replication-promoting compound used to establish the role of DYRK1A/B in controlling b-cell replication (10). Given our suspicion that CC-401 promoted b-cell replication via DYRK1A/B inhibition, we assessed whether CC-401 and harmine had a shared mechanism of action. As a first step, we measured b-cell replication in response to treatment with these compounds independently and in combination [ Fig. 3(d) ]. We hypothesized that the combination of these compounds would not substantially increase b-cell replication above independent compound treatment if they used a common growth-promoting pathway.
Indeed, CC-401 and harmine independently induced b-cell replication (5.4 6 0.3-fold and 5.3 6 0.3-fold, respectively), whereas the combination provided an insignificant increase in b-cell replication (5.8 6 0.4-fold), consistent with the hypothesis that these molecules have a shared mechanism of action. In addition, activation of NFAT-dependent transcription is the proposed mechanism by which DYRK inhibitors, including harmine, promote b-cell replication (10, 11, 13) . CC-401 and harmine demonstrated similar ability to activate an NFAT-luciferase reporter system [ Fig. 3(e) ]. These data supported the hypothesis that CC-401 promoted b-cell replication via DYRK1A/B inhibition.
To establish DYRK1A/B more firmly as the relevant b-cell replication target, we used structure-based design to guide synthesis of molecules that interrogate key molecular interactions between CC-401 and DYRK1A. In silico docking of CC-401 into the DYRK1A active site predicted key interactions for ligand binding including a hydrogen bonds between a triazole ring nitrogen with the carboxyl group of Asp307 and an indazole nitrogen with the amide hydrogen of Leu241 [ Fig. 4(a) ]. In addition, several van der Waals contacts between CC-401 and DYRK1A were predicted, most notably between the phenyl ring and Ile165, and the indazole ring with the side chain of Leu241. Consistent with this model, STF-201161, which lacks the solvent-exposed piperidine group, retained b-cell replication-promoting activity, whereas STF-201162, which lacks the Asp307-binding triazole group, was no longer active [ Fig. 4 CC-401 promoted b-cell replication via p27 destabilization and derepression of the DREAM complex Prior work identified NFAT activation as the primary mechanism of DYRK1A inhibition-dependent induction of b-cell replication (10, 11, 13) . However, FK506, a potent inhibitor of NFAT activity, only partially inhibited CC-401-or harmine-dependent induction of b-cell replication [ Fig. 5(a) ], suggesting NFAT-independent pathways contribute to CC-401-induced b-cell replication. Interestingly, the cyclin-dependent kinase inhibitor p27 kip1 is a primary controller of b-cell transition from quiescence to proliferation and is stabilized by phosphorylation at serine 10 (S10), a potential phosphorylation target of DYRK1A/B (29) (30) (31) . Accordingly, we assessed whether recombinant DYRK1A increased phosphorylation of p27 kip1 at S10 in vitro.
We observed this activity [ Fig. 5(b) ]. In addition, incubation with CC-401 reduced DYRK1A phosphorylation of p27 kip1 at S10 [ Fig. 5(b) ], confirming CC-401 as a DYRK1A inhibitor and S10p27 kip1 as a DYRK1A phosphorylation target. Furthermore, CC-401 treatment of R7T1 b cells led to a reduction in total and P-S10 p27 are shown with mean 6 standard deviation (SD). *P , 0.05 vs the DMSO-treated condition or as indicated. (b) Western blot analysis of phospho-S10p27, p27, and DYRK1A after in vitro incubation of recombinant p27 and DYRK1A with and without adenosine triphosphate, CC-401, or DYRK1A. Quantitation of S10 phosphorylated p27 intensity normalized to total p27 are shown in the right-side panel. (c) Representative western blot of R7T1 b-cell lysates probed for b-actin, p27, and phosphoS10-p27 after treatment of cultures with DMSO or CC-401 for the indicated time (hours). Quantitation of the relative levels of (d) phosphoS10-p27 and (e) total p27 obtained from western blots (n = 3) performed as in (c). Protein levels were normalized to b-actin levels. *P , 0.05 vs DMSO condition at the relevant time point. To further understand how DYRK1A/B inhibition promotes b-cell replication, we determined the transcriptional program induced by CC-401 treatment. RNA sequencing was performed on sorted vehicle-and CC-401-treated rat b cells (48 hours; n = 2 for each condition) and compared. Eighty-two (adjusted P , 0.05) or 583 (unadjusted P , 0.05) differentially expressed genes were identified (Supplemental Table 3 ). As anticipated, gene ontology analysis demonstrated differential expression of cell division-associated transcripts, consistent with CC-401's replication-promoting activity [ Fig. 5(g) ]. To better understand how CC-401 induced a replication-associated gene expression program, transcription factor network analysis (MetaCore) was performed on differentially expressed genes. Interestingly, E2F transcription factor 1, an established regulator of b-cell replication (32), as well as the multiprotein DREAM (comprising DP, RBL1, RBL2, E2F4, and the MuvB core) and MMB (Myb-MuvB, including MYBL2, FOXM1, and the MuvB core) complexes were strongly implicated [ Fig. 5(g) ].
The function of the DREAM complex is to maintain cellular quiescence through repression of cell-cyclepromoting genes, and the functional integrity of this complex depends on DYRK1A/B activity (33, 34) . Notably, seven of the top 10 CC-401-induced b-cell genes (Mcm5, Asf1b, Aurkb, Arhgap11a, Kifc1, Rrm2, and Ccna2; Supplemental Table 4 ) are bound by the DREAM complex in G0 (repressed) and have established roles in promoting cellular division (35) . In contrast to the DREAM complex, the function of the MMB complex is to promote cell-cycle progression (36, 37) . Indeed, inhibition of DYRK1A/B with CC-401 also induced rat b-cell expression of the cellcycle-associated MMB complex genes, Mybl2 (1.6-fold) and Foxm1 (2.0-fold; Supplemental Table 4 
Discussion
We have used primary b-cell replication screening to characterize the replication-modulating activity of ;2400 bioactive compounds on primary rat b cells. Our investigation focused on characterizing CC-401, an advanced lead molecule that stimulated rodent and human b-cell replication. Several key findings and concepts with broad implications emerged from our studies. First, the plethora of identified replication-modulating compounds provide a new resource for probing the molecular pathways that control b-cell replication and function. Second, DYRK1A/ B-inhibition appears sufficient to induce b-cell replication; although CC-401 is a promiscuous kinase inhibitor, structurally diverse DYRK1A/B inhibitors with distinct target profiles all promoted b-cell replication. Third, combinatorial treatment with replication-promoting compounds or compounds engineered toward multiple therapeutic targets (e.g., TGF-b receptor and DYRK1A/B) may achieve an enhanced human b-cell replication response. Notably, replication induction of human b cells generally requires DYRK1A/B inhibition, though we observed a variable replication response to isolated GSK-3b inhibition. Fourth, DYRK1A/B inhibition drives b-cell replication via simultaneous modulation of multiple growth regulatory pathways including NFAT signaling activation, p27 kip1 destabilization, and derepression of DREAMcomplex target genes. Finally, as shown for CC-401, improved b-cell replication-promoting compounds (e.g., STF-200785) may be derived from hit molecules identified in this screen.
Multiple lines of evidence support the conclusion that DYRK1A and DYRK1B are the relevant targets of CC-401-induced b-cell replication. First, numerous structurally diverse DYRK1A/B inhibitors, including CC-401, Jak 3 inhibitor VI, harmine, leucettine, AZ-191, TG-003, and 5-IT, demonstrate b-cell replication promoting activity. Notably, kinome inhibition analysis of 466 kinases with mL-401, harmine, and AZ191 at high concentration (10 mM) reveal only eight shared targets (namely, DYRK1A/B, CLK1/4, HASPIN, CSNK1D/A, and DYRK2). Suggesting that one of these kinases normally represses b-cell replication. The established role of DYRK1A/B in controlling cell-cycle entry makes these kinases the most likely relevant targets. Second, assessment of selective CSNK1A/D inhibitors (i.e., CKI 7, LH 846, PF 4800567, and PF 670462) did not promote b-cell replication (data not shown). Third, structure-based design and synthesis of CC-401 derivatives predicted not to inhibit DYRK1A/B failed to activate the DYRK1A-dependent NFAT reporter system or to induce b-cell replication. Finally, in prior work, knockdown of DYRK1A promoted b-cell replication (11, 38) . These data strongly suggest that DYRK1A/B are the relevant b-cell replication targets for CC-401 but do not entirely exclude a contribution from the other potential mechanisms.
Although our investigation focused on b-cell replicationinducing compounds, we also uncovered numerous b-cell replication inhibitors. Interestingly, human variants in at least two recurrently identified b-cell replication-inhibiting compound targets, the adrenergic receptor ADRA2A and the melatonin receptor MTNR1B, are associated with increased risk for diabetes (39, 40) . Not surprisingly, the mTORC1 inhibitor rapamycin, which increases diabetes risk, also inhibited b-cell replication (41) . Additionally, several antidepressant (namely, fluoxetine, imipramine, despiramine) and antipsychotic (namely, reserpine, quetiapine) medications linked to an increased risk of developing diabetes were among the most effective inhibitors of b-cell replication we identified (42, 43) . Consequently, the collection of b-cell-replication inhibitors provided herein is valuable resource for uncovering pathways that impair b-cell replication, compromise b-cell function, and potentially contribute to an increased diabetes risk.
The different replication capacities of rodent and human b cells are well established (44) . Accordingly, diverse chemical entities induced rodent b-cell replication, whereas only DYRK1A/B inhibitors consistently induced human b-cell replication. Whereas prior work emphasized induction of NFAT signaling, a well-characterized b-cell replication pathway (10) (11) (12) , as the central mechanism of human b-cell-replication induction by DYRK1A/B inhibitors, we propose that the coordinated activation of multiple growth-promoting pathways is a more likely basis for the unique activity of DYRK1A/B inhibitors. Indeed, multiple compounds (e.g., glucose and sulfonylureas) that promote NFAT activation and rodent b-cell replication via b-cell depolarization and calcium flux do not induce human b-cell replication (45) . Consequently, additional DYRK1A/B-regulated pathways significantly contribute to human b-cellreplication induction. In neuronal precursor cells, overexpression of DYRK1A induces cell-cycle arrest via phosphorylation/stabilization of the cell-cycle inhibitor p27 kip1 (30, 46) . Accordingly, we found that DYRK1A/B inhibition with CC-401 led to destabilization of p27 kip1 , an important negative regulator of b-cell replication (47) . Additionally, DYRK1A/B act as potent negative regulators of cellular replication by stabilizing the DREAM complex, which maintains cells in quiescence via repression of cell cycle-associated gene expression (34) .
Although the function of the DREAM complex has been explored in a variety of cell types, its role in maintaining b-cell quiescence has not been considered, to our knowledge. Herein, we establish DREAM-complex target genes as the most highly regulated factors in response to DYRK1A/B inhibition and b-cell-replication induction. In addition, CC-401-dependent inhibition of DYRK1A/B led to derepression of cell cycle entry or progression-associated MMB complex genes (i.e., Mybl2 and Foxm1) in rodent and human b cells. Notably, Foxm1 expression is critical for postnatal b-cell expansion, but overexpression of an activated form of FOXM1 is insufficient to promote b-cell replication (48, 49) . This may reflect the dependence of Foxm1 and Mybl2 for recruitment to and activation of cell-cycle genes (50), highlighting, why inhibition of DYRK1A/B, the master regulator of DREAM-complex stability, might be uniquely capable of coordinating the multifaceted expression program necessary to drive human b cells into the cell cycle. Importantly, the induction of Foxm1 and Mybl2 correlated with the induction of b-cell replication but was not shown to be necessary or sufficient.
Given the relatively limited replication response of human b cells to DYRK1A/B inhibition (typically ,1% Ki67 positivity), we explored whether combinations of replication-inducing compounds acted cooperatively. Although such an effect was observed in rat b cells, human b-cell replication was only further increased, above treatment with CC-401 alone, when GSK-3b (as previously recognized) (11) or ALK5/TGF-b inhibitors were added. Notably, isolated treatment with ALK5/ TGF-b inhibitors failed to induce rat or human b-cell replication in our in vitro system, indicating the potential of identifying human b-cell replication-promoting compounds that increase replication competence without directly promoting b-cell replication. Importantly, to our knowledge, a systematic combinatorial treatment strategy has not been applied to the challenge of understanding and uncovering the interactions among the disparate pathways that modulate human b-cell replication.
An important limitation of the current study is the failure to demonstrate that in vivo treatment with CC-401 increased b-cell mass or rescued the diabetic condition. Unfortunately, extending the compound treatment duration led to weight loss, confounding the interpretation of CC-401's effects on glucose homeostasis and b-cell replication/expansion (data not shown). Additional exploration of CC-401's therapeutic potential will require development of optimized derivatives. Notably, prior efforts to demonstrate therapeutic b-cell mass expansion in vivo are inconclusive. For example, harmine treatment of diabetic mice that had received a subtherapeutic human islet transplant demonstrated improved glucose homeostasis within days of initiating harmine treatment (10) . This rapid therapeutic response is more consistent with harmine-induced improvements in b-cell function or peripheral insulin sensitivity, possibly via PPARg induction, rather than b-cell expansion (51) . Similarly, long-term in vivo treatment with the aminopyrazines also demonstrated glucose homeostasis improvements in diabetic mice (11) . However, these effects were at least partially related to reduced insulin resistance, given that compound-treated animals demonstrated dramatically increased insulin-dependent glucose reduction (insulin tolerance test) when calculated by percent reduction rather than absolute glucose reduction. Finally, mice treated with the b-cell replicationinducing compound 5-IT displayed treatment-related improvement in glucose tolerance after biweekly dosing (0.25 mg/kg IP, six total doses) (13) . Pharmacodynamic data substantiating 5-IT-dependent b-cell expansion as the cause of restored glucose homeostasis was not provided. Hence, in vivo pharmacologic expansion of b-cell mass remains an unproven strategy for resolving diabetes.
The observation that pharmacologic DYRK1A/B inhibition promotes mature b-cell replication must be reconciled with conflicting in vivo data. Surprisingly, DYRK1A-haploinsufficient mice are diabetic with reduced b-cell mass and proliferation (52) . In addition, treatment of E11.5 explants with harmine reduced insulin + cell generation, raising the possibility that DYRK inhibition has discrepant effects on immature or progenitor cells and mature b cells. Consistent with DYRK1A activity potentiating b-cell growth in vivo, BAC transgenic overexpression of DYRK1A increases b-cell mass and protects against a diabetogenic diet (53). The relevance of the DYRK1A-haploinsufficient mice to the pharmacologic effects of CC-401 and harmine is complicated by the residual activity of DYRK1B, which may have an opposing function. In humans, a lowfrequency DYRK1B variant (L28P) that is predicted to impair kinase function is protective against diabetes, whereas activating DYRK1B mutations R102C and H90P are causally associated with developing metabolic syndrome features, including diabetes (54, 55) . Work will need to address the discrepant effects of pharmacologic and genetic inhibition of DYRK1A/B activity on b-cell replication.
In conclusion, we have identified CC-401 as a human b-cell replication-promoting small molecule that acts via DYRK1A/B inhibition. We leveraged CC-401 to demonstrate that DYRK1A/B inhibition-dependent induction of b-cell replication is multifactorial, including activation of NFAT signaling, destabilization of p27 kip1 , and disruption of DREAM complex-dependent repression of cell-cycle genes, including MYBL2 and FOXM1. Additionally, we demonstrated the potential of combining small molecule inhibitors to augment the limited replication response of human b cells. Key issues to address in the future are the development of strategies to target regenerative compounds selectively to the b cell, because DYRK1A/B inhibition has broad replication-promoting activity, and to assess whether forced expansion of b cells leads to compromised function (i.e., reduced glucosestimulated insulin secretion or cellular viability).
